To determine whether overexpression of Fe-superoxide (SOD) dismutase would increase superoxide-scavenging capacity and thereby improve the winter survival of transgenic alfalfa (Medicago sativa L.) plants, two genotypes were transformed with the vector pEXSOD10, which contains a cDNA for Arabidopsis Fe-SOD with a chloroplast transit peptide and cauliflower mosaic virus 35S promoter. A novel Fe-SOD was detected by native PAGE in both greenhouse-and field-grown transgenic plants, but activity varied among independent transgenic plants. The increased Fe-SOD activity was associated with increased winter survival over 2 years in field trials, but not with oxidative stress tolerance as measured by resistance of leaves to methyl viologen, a superoxide generator. Total shoot dry matter production over 2 harvest years was not associated with Fe-SOD activity. There was no detectable difference in the pattern of primary freezing injury, as shown by vital staining, nor was there additional accumulation of carbohydrates in field-acclimated roots of the transgenic alfalfa plants. We did not detect any difference in growth of one transgenic plant with high Fe-SOD activity compared with a non-transgenic control. Therefore, the improvement in winter survival did not appear to be a consequence of improved oxidative stress tolerance associated with photosynthesis, nor was it a consequence of a change in primary freezing injury. We suggest that Fe-SOD overexpression reduced secondary injury symptoms and thereby enhanced recovery from stresses experienced during winter.
Oxidative stress is a common disorder in plants during or following exposure to adverse environmental conditions. Allen (1995) speculated that frequent, mild oxidative stresses occur even in a normal field situation, and that these stresses inhibit photosynthesis and therefore yield. Allen also predicted that yield enhancement may be achieved by the overexpression of antioxidant genes in transgenic annual crops. During the winter, perennial plants are exposed to even greater environmental extremes, including freezing, anoxia, and desiccation.
The enzyme superoxide dismutase (SOD; EC 1.15.1.1) is a metalloprotein that catalyzes the initial step in the AsadaHalliwell pathway in chloroplasts, the dismutation of superoxide to H 2 O 2 and molecular oxygen (Scandalios, 1993; Bowler et al., 1994; Allen, 1995) . The subsequent reduction of H 2 O 2 to water through the ascorbate-glutathione cycle in the chloroplast uses reducing equivalents from NADPH (Foyer and Halliwell, 1976; Foyer et al., 1994b) . SOD enzymes are classified according to their metal cofactor and their subcellular localization. The predominant forms are a mitochondrial Mn-SOD, a cytosolic Cu/Zn-SOD, and a chloroplastic Cu/Zn-SOD. In a number of plant species, chloroplasts also contain Fe-SOD. The four forms of SOD differ in their biochemical properties and inhibition by H 2 O 2 and cyanide (Scandalios, 1993; Bowler et al., 1994; Allen, 1995) . The native forms of SOD provide protection from activated oxygen during periods of environmental stress (Salin, 1991; Bowler et al., 1992; Scandalios, 1993; Smirnoff, 1993; Foyer et al., 1997) . To test this relationship further, different SOD transgenes have been expressed in transgenic plants, but the results vary (Herouart et al., 1993; Scandalios, 1993; Foyer et al., 1994a; Allen, 1995) . For example, Pitcher et al. (1991) , Tepperman and Dunsmuir (1990), and Payton et al. (1997) found no improvements, whereas Sen Gupta et al. (1993a Gupta et al. ( , 1993b , Bowler et al. (1991) , Van Camp et al. (1994 , 1996 , Perl et al. (1993) , and McKersie et al. (1993 McKersie et al. ( , 1996 McKersie et al. ( , 1999a found significant improvements to oxidative or environmental stress tolerances. This disparity has usually been attributed to the complexity of the detoxification system, because changing one enzyme may not change the capacity of the pathway as a whole.
We have previously reported that transgenic alfalfa (Medicago sativa L.) plants expressing a Mn-SOD had increased vigor after freezing stress and increased winter survival under field conditions (McKersie et al., 1996 (McKersie et al., , 1997 (McKersie et al., , 1999a . However, tolerance of freezing stress measured at the cellular level by electrolyte leakage or by vital staining with tetrazolium was not affected by the presence of transfer DNA (T-DNA) in these alfalfa plants (McKersie et al., 1999a) . Van Camp et al. (1996) cause their subcellular localization within the chloroplast is influenced by their different affinities for membranes. In this study, we investigated whether overexpression of Fe-SOD would mimic the effects of Mn-SOD and improve the winter hardiness of transgenic alfalfa plants. We observed that the level of increased winter survival was correlated with the level of increased Fe-SOD activity in the transgenic plants, but that this was apparently independent of any effect of the Fe-SOD transgene on photosynthesis, growth, or oxidative stress tolerance in leaves.
MATERIALS AND METHODS

Plant Transformation
Transformation of alfalfa (Medicago sativa L.) petiole explants by an overnight culture of Agrobacterium tumefaciens C58C1 pMP90 containing the pEXSOD10 binary vector (Van Camp et al., 1996) was conducted as previously described (McKersie et al., 1999a) . Petiole explants and agrobacterium were co-cultivated for 3 d in the dark on SH induction medium (Shetty and McKersie, 1993) 
K 2 SO 4 , and 100 m acetosyringinone, then washed with one-half-strength Murashige and Skoog medium (Murashige and Skoog, 1962) . The explants were plated on SH induction medium lacking acetosyringinone but with 500 mg L Ϫ1 claforan and 50 mg L Ϫ1 kanamycin. Somatic embryos were matured on BOi2Y development medium (Bingham et al., 1975) containing 50 g L Ϫ1 Suc but no growth regulators or antibiotics.
The putative transgenic plants were screened for the presence of T-DNA using PCR primers to amplify a region within nos-nptII (McKersie et al., 1999a) . The sense primer was 5Ј-AGCTGTGCTCGACGTTGTCAC-3Ј and the antisense primer was 5Ј-GGTGGGCGAAGAACTCCAGCA-3Ј. The amplification was carried out on a PCR system (GeneAmp 2400, Perkin-Elmer, Foster City, CA) as previously described (McKersie et al., 1999a) . Only positive plants were transplanted to growth medium (Turface, Plant Products, Mississauga, Ontario, Canada) in a greenhouse at approximately 23°C/18°C (day/night) and a minimum 16-h photoperiod. Mercury-halogen lamps provided additional light. The plants were watered automatically two times daily with a dilute solution of 15-15-30 fertilizer (Plant Products, Brampton, Ontario, Canada).
DNA was isolated using the method described by Saghai-Maroof et al. (1984) . Leaves (1 g) were ground in liquid nitrogen, and 27 mL of extraction buffer (100 mm Tris, 700 mm NaCl, 50 mm EDTA, 1% [w/v] cetyltrimethyl-ammonium bromide [CTAB] , and 140 mm ␤-mercaptoethanol) added and incubated at 65°C. After two separations with chloroform/octanol, the aqueous solution was treated with RNase A before precipitation with isopropanol. The DNA was washed with ethanol solutions, dried, and suspended in Tris-EDTA buffer. DNA was digested using the restriction enzyme HindIII, purified by alcohol precipitation, and separated on a 0.8% (w/v) agarose gel overnight. The gel was blotted onto a positively charged nylon membrane (Boehringer Mannheim, Basel) as described by Ausubel et al. (1991) and UV-crosslinked. Southern-blot analysis was carried out using the nonradioactive digoxygenin (DIG) chemiluminescent system (Boehringer Mannheim) as described by van Miltenburg (1995) . The DIG-labeled hybridization probes were synthesized using DIG-dUTP (Boehringer Mannheim) in a PCR amplification using 5Ј-TCCCAGTGAAGAAGGTCAAC-3Ј, located within the Arabidopsis Fe-SOD sequence, and 5Ј-AATGGTAAGCAATGGGAAAG-3Ј, located within the chloroplast transit peptide sequence. The amplification used purified plasmid DNA as the template, 1 m of each primer, and a 55°C annealing temperature, and the resulting PCR fragment was 536 bp in length.
SOD Activity and Oxidative Stress Tolerance
To measure SOD activity, leaf samples were collected from greenhouse-grown plants at the mid-vegetative stage of development (Kalu and Fick, 1983) ; the maturing stems were approximately 20 cm in height with no buds or flowers. Whole leaves were ground with liquid nitrogen in a mortar, and 0.4 mL of homogenizing buffer, 50 mm KH 2 PO 4 , pH 7.8, was added to extract the soluble proteins.
SOD activity was determined using the in situ staining technique (Beauchamp and Fridovich, 1971) . The protein samples were separated by native PAGE on a separating gel of 13% (w/v) polyacrylamide in a tank buffer containing 25 mm Tris (pH 8.3) and 64 mm L-Ile. The gels were stained for 30 min in the dark using a 1:1 mixture of: (a) 0.06 mm riboflavin and 0.651% (w/v) TEMED, and (b) 2.5 mm nitroblue tetrazolium (NBT), both in 50 mm phosphate buffer at pH 7.8, and then developed for 20 min under moderate light conditions. The gels were digitally photographed using imaging software (Northern Exposure, ImagExperts, Mississauga, Ontario, Canada), and an analysis program (Quantity One, Bio-Rad, Hercules, CA) was used to measure the intensity of each band. The area of individual SOD isozymes was expressed relative to a standard of Escherichia coli Fe-SOD (Sigma Chemical, St. Louis) to calculate each enzyme's activity. One unit of enzyme activity is the amount that will inhibit the rate of reduction of cytochrome c by 50% in a coupled system with xanthine and xanthine oxidase at pH 7.8 at 25°C in a 3-mL reaction volume (McCord and Fridovich, 1969) . The protein content was determined (Bradford, 1976) , and SOD activity for each individual isozyme was expressed as units per milligram of protein.
The oxidative stress tolerance of the plants was assessed using the method described previously (Bowler et al., 1991) . Leaf slices, 0.5 cm across the largest width of the leaflet, were incubated in aqueous solutions of methyl viologen (Paraquat, Sigma Chemical), with concentrations ranging from 0 to 16 m, overnight in the dark at 21°C. The samples were exposed to light for 2 h (200 mol m Ϫ2 s
Ϫ1
photosynthetically active radiation) at 26°C, and were then allowed to develop in the dark for 20 h at 30°C. The methyl viologen-dependent oxygen radical damage was estimated by chlorophyll fluorescence determination of photochemical yield, F v /F m (Genty et al., 1989) , using a portable chlo-rophyll fluorometer (Mini Pam photosynthesis yield analyzer, Heinz Walz BmbH, Effeltrich, Germany). SOD and ascorbate peroxidase (APX) activity were determined on the same extracts from alfalfa leaves treated with methyl viologen. To quantify APX activity, the extract (25 L) and 150 L of 0.03% (w/v) H 2 O 2 were added to 2 mL of assay buffer, containing 0.5 mm ascorbate and 0.1 mm EDTA in phosphate buffer at pH 7.0 (Nakano and Asada, 1981). APX was determined by measuring the rate of oxidation of ascorbate at 290 nm using an absorbance coefficient of 2.8 mm Ϫ1 cm Ϫ1 . One unit of APX was defined as 1 mol of ascorbate oxidized per minute at pH 7.0 and 25°C and is expressed per milligram of protein.
Field Trial
The 1996 field evaluation of the transgenic plants was carried out at the Elora Research Station (Elora, Ontario, Canada) following protocols authorized by the Plant Products Division, Agriculture and Agri-Food Canada (test 96-UOG2-ALF05-ON0-1-01, approved April 9, 1996). Replicate plants were grown from rooted stem cuttings in the greenhouse and transplanted to the field in June, 1996. The soil at Elora is a clayed brunisolic gray-brown luvisolLondon. Soil test analysis was done to determine the appropriate amount of fertilizer (P and K) to apply. Elora has on average 130 frost-free days, and the start of the critical fall harvest period for alfalfa is August 30. The test was arranged in a randomized complete block design with 15 cuttings of each control (non-transgenic) and five cuttings of each transgenic genotype as the experimental units and three replications (blocks). Five cuttings were planted sequentially in a row with 0.5-m spacing between plants and 1.5-m spacing between rows. Plants were harvested once in the year of transplanting. Survival (the no. of plants with green shoots) was recorded in the fall of the transplant year, and in the spring and summer of the 2 subsequent years. The herbage (shoot dry matter) was harvested from each surviving plant individually. Plants that did not survive the winter were not included in the analysis. Plants were defoliated to determine dry matter yields in three harvests per year on June 28, July 28, and August 28, 1997, and on May 27, July 1, and August 11, 1998. Yields per plant were the sum of the three harvests for each year.
SOD activity was measured in leaves harvested at the vegetative stage of development from field-grown plants in the 1996 field trial when they were approximately 20 cm in height. Three replications were taken from three blocks in the field experiment on three sequential days in July 1997. Leaves were randomly sampled from the five plants in each block.
The 1997 field trial was also conducted at the Elora Research Station following protocols authorized by Plant Products Division, Agriculture and Agri-Food Canada (test no. 97-UOG1-075-ALF04-224-ONO1-01, approved May 12, 1997). Replicated plots were established on May 28, 1997 by transplanting rooted cuttings of each transgenic and control genotype at an adjacent site on the Elora Research Station. In the 1997 test, four replicated plots of 1-ϫ 1.5-m rectangular plots were established by transplanting 100 rooted propagules of each transgenic per plot. Each plot consisted of a population of independent primary transgenic plants for each construct. Plants were harvested twice in the year of transplanting on July 1 and September 2, 1997. On November 19, 1997, samples were dug from the field, rinsed, separated into taproot, crown, and leaves, and immediately frozen in liquid nitrogen. The samples were ground and analyzed for carbohydrates and protein. Other samples were analyzed for SOD activity on native PAGE gels as described above. The plots were sampled again for soluble carbohydrates on April 14, 1998.
On November 19, 1997 and on December 2, 1997, whole plants were dug from the field, washed, shoots excised, and crowns with attached roots were placed in moist filter paper and subjected to freezing temperatures in a programmable freezer. The samples were frozen at Ϫ2°C overnight, and then cooled at 2°C per hour to Ϫ6°C, Ϫ8°C, Ϫ10°C, Ϫ12°C, or Ϫ14°C. The frozen samples were thawed for 1 d at 2°C and subsequently separated into crowns, taproots, and crown buds, bisected, and assessed by viability staining with tetrazolium as previously described (Tanino and McKersie, 1985) .
Permits to conduct the 1998 field trails were obtained from the Canadian Food Inspection Agency (nos. 98-UOG1-075-ALF-02-224-ON01-01 for Elora and 98-UOG1-075-ALF-02-224-ON30-01 for New Liskeard). The trials were established with two replications at Elora, Ontario, Canada, on May 20, 1998 and with two replications at New Liskeard, Ontario, Canada, on June 3, 1998. The site at Elora was adjacent to the previous 1996 and 1997 sites. The soil at New Liskeard is a clay loam (lacustrine light brown gray). New Liskeard is a short-season area, having only 99 frostfree days. The start of the critical fall harvest period for alfalfa is August 15.
The plots were established with six rooted propagules of the same transgenic plant per row, one row of each transgenic plant per plot and 24 plots per replication. Two replicate plots were dug on each sampling date to measure root, crown, and shoot dry weight. The plants were defoliated twice at Elora (July 6 and August 24, 1998) and twice at New Liskeard (July 20 and August 16, 1998) prior to flowering. The growth of the plants was followed through three growth cycles and in the subsequent spring at each location. At Elora, cycle 1 was from May 20 to July 20, with samples taken on June 8, June 29, July 6, July 13, and July 20; cycle 2 was from July 6 to August 17, with samples taken on July 27, August 4, August 10, and August 17; cycle 3 began August 24, with samples taken August 31, September 14, September 28, October 13, and October 26. A subsequent spring sample was taken with four replications on May 4. At New Liskeard, cycle 1 was June 3 to July 21, with samples taken on June 22, July 6, July 13, and July 21; cycle 2 was from July 20 to August 17, with samples taken on July 27, August 4, August 10, and August 17; cycle 3 began August 16, with samples taken on August 31, September 14, and September 28. A subsequent spring sample was taken with two replications each on May 14 and 17. Statistical analysis was conducted as a split plot in a timefactorial experiment with locations as main plots and entries as subplots (Steel et al., 1997) .
Protein and Carbohydrate Analysis
Total storage proteins were extracted (Avice et al., 1997) and quantified colorimetrically (Bradford, 1976) . Total soluble carbohydrates were extracted from leaf, stem, and root tissue of cold-acclimated and non-acclimated alfalfa plants according to the method of Chaplin (1986). Starch was extracted according to the method of Rose et al. (1991) , digested with amyloglucosidase (Aspergillus niger; Sigma Chemical) and ␣-amylase (porcine; Sigma Chemical) prior to analysis, and analyzed as Glc using a Glc diagnostics kit (Sigma Chemical). Soluble sugars (Glc, Fru, Suc, and raffinose) were quantified by gas chromatography as previously described (Jones et al., 1999) using phenyl ␤-d glucoside (Sigma Chemical) as an internal standard.
Statistical Analysis
Analysis of variance was determined using SAS for Windows, Proc GLM (Version 6.11, SAS Institute, Cary, NC) and, due to missing values in some experiments, Type III sums of squares and least squares means were calculated. Significance was determined at the 5% level of probability.
RESULTS
Two clones of alfalfa, designated as N4-4-2 and V4-11-3, were transformed using A. tumefaciens with a binary vector containing cDNA for Fe-SOD from Arabidopsis with a chloroplast transit peptide under control of the cauliflower mosaic virus (CaMV) 35S promoter (Van Camp et al., 1996) . All putative transgenic plants survived selection on medium containing kanamycin and were positive according to a PCR test for the presence of the nos-nptII transgene. Four of these plants from clone N4-4-2 were tested by Southern-blot analysis for the presence of the Fe-SOD in the T-DNA. DNA that was digested with HindIII, which has a single restriction site in the binary vector, had either one or two bands on the Southern blot, indicating that one or two copies of the T-DNA were integrated into the plant DNA (Table I) .
Native PAGE analysis of a leaf extract from these transgenic plants indicated the presence of a novel SOD enzyme (Fig. 1) . Leaf extracts from non-transgenic alfalfa plants contained three forms of SOD: a slow-moving Mn-SOD, a cytosolic form of Cu/Zn-SOD, and a chloroplastic form of Cu/Zn-SOD (McKersie et al., 1993) . The transgenic plants had an additional Fe-SOD intermediate in mobility between Mn-SOD and the cytosolic Cu/Zn-SOD. The additional SOD enzyme was also detected in extracts from leaf, crown, crown bud, and taproot of field-grown plants (data not shown).
The activity of each of the SOD isoenzymes was quantified on native PAGE gels by comparing the intensity of SOD activity in the leaf extracts relative to a known standard. In leaf extracts from greenhouse-grown plants, the four transgenic plants tested had significantly different Fe-SOD activity, ranging from 51 to 393 units/mg protein (Table I ). In contrast, leaf extracts of the control, nontransgenic N4-4-2 clone had no detectable Fe-SOD activity.
In leaf extracts from cuttings of the same plants grown in a field environment, Fe-SOD activity was similar quantitatively and in the relative ranking of the plants (Spearman's rank correlation r ϭ 0.9, P ϭ 0.037). The plant with the highest SOD activity in both greenhouse and field environ- Table I . Fe-SOD activities of leaf extracts from four independent transgenic plants of alfalfa clone N4-4-2 containing T-DNA of pEXSOD10 grown in greenhouse and field conditions Plant DNA was digested with HindIII that cuts only once within the T-DNA borders of pEXSOD10. T-DNA insertions were determined by Southern-blot analysis using a dig-labeled probe to the Arabidopsis cDNA for Fe-SOD. Fe-SOD activities were determined on three separate extracts (replications) from primary transgenic plants and are reported relative to E. coli Fe-SOD on the same PAGE gel. Values for the transgenic plants are the mean Ϯ SE.
Plant
No ments, designated as N4-FeSOD-13, had two insertions of the T-DNA according to Southern-blot analysis; the other three plants had one insertion (Table I) . The activities of the Mn-SOD, cytosolic, and chloroplastic forms of Cu/Zn-SOD did not differ among the four transgenic plants tested and, therefore, the values shown in Table II are averaged across the four transgenic plants listed in Table I . Although there was no significant difference between control and transgenic plants for Mn-SOD or either Cu/Zn-SOD in the greenhouse, the field-grown transgenic plants had lower cytosolic and higher chloroplastic Cu/Zn-SOD activity than the control plants. Presumably, this is a consequence of an environmental regulation of the native enzyme activities that has been modified by the introduced Fe-SOD transgene, but this mechanism is not fully understood.
The leaves of greenhouse-grown transgenic plants expressing the Fe-SOD transgene did not have greater tolerance of the free-radical-generating herbicide methyl viologen (Fig. 2) . The photosynthetic efficiency (F v /F m ) of treated leaves of both control and transgenic plants declined in parallel with the concentration of methyl viologen in the treatment solution increased. In a similar test, the leakage of electrolytes was measured but did not detect any difference between transgenic and control plants when treated with a similar range of methyl viologen concentrations (data not shown). Based on these tests, expression of the Fe-SOD transgene apparently did not increase tolerance to oxidative stress in photosynthetic tissues.
Activities of the three native forms of SOD and APX in the N4-4-2 control plant were compared with the enzyme activities in three transgenic N4-pFeSOD plants after oxidative stress treatment with methyl viologen. Methyl viologen treatment increased the activity of these enzymes in both control and transgenic plants, but there was no statistically significant difference in the response among plants, nor was there a significant statistical interaction (Fig. 3A) . Compared with the activity in non-treated leaves, Mn-SOD, cytosolic Cu/Zn-SOD, and APX increased almost 180% following treatment with 8 m methyl viologen, whereas chloroplastic Cu/Zn-SOD increased to 120%.
In contrast, the Fe-SOD activity in the three transgenic plants declined to almost no activity with the same methyl viologen treatment (Fig. 3B) . Fe-SOD was not detectable in the control plants. This presumably reflects an increased degradation of the Fe-SOD enzyme by this oxidative stress. Since the response of the CaMV35S promoter to this stress treatment is unknown, it is also possible that the loss of activity was due to inhibition of transcription, or translation of the transgene.
All putative primary transgenic plants that were PCR positive for the nos-nptII transgene were propagated by cuttings to create replicated samples and transplanted into the field in the spring of 1996. The plants were defoliated during the growing season prior to flowering and entered the fall acclimation period in the vegetative stage, as typically occurs in production fields. In the fall of 1996 and again in the spring of 1997, counts were made of all green plants. These counts were repeated at first harvest in the summer of 1997 and again in the spring and summer of 1998. The winter of 1996/97 was particularly harsh at this Table II . Mn-and Cu/Zn-SOD activities of leaf extracts from transgenic plants of alfalfa clone N4-4-2 containing T-DNA of pEXSOD10 grown in greenhouse and field conditions Each plant was sampled as three separate extracts from greenhouse or field plants (blocks). Values for the transgenic plants are the mean Ϯ SE of four (greenhouse) or five (field) independent transgenic plants that were not significantly different at the 5% level of probability. location, and survival of the control plants, N4-4-2 and V4-11-3, was less than typically seen. In contrast, the winter of 1997/1998 was quite mild, and there was no further reduction in the stand counts of clone N4-4-2; however, there was further reduction in both control and transgenic V4-11-3. The average winter survival of the alfalfa plants containing T-DNA of pEXSOD10 was significantly greater than the non-transgenic control plants for both clones (Table III). Herbage (total shoot dry matter) production was measured individually for all surviving plants. Plants that did not survive the winter were not included in this analysis; consequently, fewer observations (n) were made in Table  IV than in Table III . The data in Table IV measure an individual plant's vigor independent of winter survival. The average yields in the 2 years were very similar. The two clones N4-4-2 and V4-11-3 differed in yield but, on average, the presence of the T-DNA in either clone did not increase total shoot dry matter production.
There was considerable variability observed among individual transgenic plants for both yield and winter survival. To illustrate that variability, Figure 4 compares the 1997 and 1998 herbage yields of all plants in the field trial. The ranking of an individual transgenic plant in 1998 was very similar to its ranking in 1997, indicating reproducible relative yields in the 2 years. Individual transgenic plants had both higher and lower yields than the control clones, N4-4-2 and V4-11-3, and in the extreme cases, these differences were statistically significant. A slightly different relationship was observed with winter survival (Fig. 5) . Higher yields tended to be associated with higher survival, even though yield is reported as dry matter production from surviving plants only. In other words, to calculate yield per plant, the yield per plot was divided by the number of surviving plants, not by the number originally planted in the plot. This observation was not unexpected, because winter injury is often sublethal. In alfalfa, sublethal injury may reduce the number of crown buds that establish new shoots or the vigor of the new shoot growth. Most transgenic plants from both clones had higher survival than the corresponding non-transgenic controls. Therefore, the relationship between yield compared with survival was skewed toward increased survival. Yield was normally distributed around the non- Table III . Winter survival (percentage) in spaced plantings in a field trial at Elora, Ontario, of transgenic plants of alfalfa clones N4-4-2 and V4-11-3 containing T-DNA from the vector pEXSOD10
The experiment was established in spring 1996, with three blocks each containing three controls and 32 (N4-4-2) and seven (V4-11-3) independent transgenic plants randomly arranged within each block. Values are the least squares means of all transgenic plants Ϯ SE. Survival was scored visually as the appearance of green shoots in spring and summer. n is the number of observations (replications ϫ no. of independent transgenic plants minus missing plots) in each mean. transgenic control, whereas survival was shifted higher (compare the white and black symbols in Fig. 5 ). The higher relative winter survival of the transgenic plants was associated with higher activity of the Fe-SOD transgene in the four transgenic plants shown in Table I ( Fig. 6) . If the non-transgenic control was included in the regression analysis, the relationship was exponential (r 2 ϭ 0.80), but if only the transgenic plants were included the relationship was linear (r 2 ϭ 0.48). In contrast, the variation in herbage yield was not associated with differences in Fe-SOD activity.
In a second field trial, a random selection of primary transgenic and control alfalfa plants was propagated by cuttings, transplanted to the field in the spring, and sampled in November 1997, before the plants had experienced a severe freezing or winter stress. The root systems of these transgenic plants were larger than in the control, nontransgenic N4-4-2 (1.93 g compared to 1.31 g, respectively), but on a dry weight basis, the roots and crowns of transgenic plants contained the same amount of Glc, Fru, raffinose, starch, and protein as the control (data not shown). Samples were taken from the same field plots in spring 1998, and, again, the soluble carbohydrate analysis did not detect any difference between control and transgenic plants (data not shown).
The crowns and roots of field-acclimated plants were sampled from the 1997 field trial in November and again in Figure 4 . Relationship between herbage dry matter production in 1997 and 1998 of control and independent transgenic alfalfa clones N4-4-2 and V4-11-3 containing pExSOD10. Control plants are shown as white symbols and transgenic plants as black symbols for clones N4-4-2 (circles) and V4-11-3 (triangles). The total herbage dry matter from three harvests was determined for each independent transgenic plant in the field trial at Elora Ontario. The positive relationship indicates that herbage production was consistent in the 2 years for individual transgenic plants. Plants that did not survive the winter were not included in the analysis and therefore these data are a measure of individual plant vigor. SE ϭ 10.3 (1997) and 10.9 (1998). Relationship between winter survival after two winters and herbage dry matter production in 1998 of control and independent transgenic alfalfa clones N4-4-2 and V4-11-3 expressing pExSOD10. Control plants are shown as white symbols and transgenic plants as black symbols for clones N4-4-2 (circles) and V4-11-3 (triangles). Winter survival was determined by stand counts in spring 1998, 2 years after transplanting. The total herbage dry matter from three harvests was determined for each independent transgenic plant in the field trial at Elora Ontario. Plants that did not survive the winter were not included in the herbage yield analysis. The relationship indicates that the Fe-SOD transgene had a greater impact on winter survival than on herbage yield. SE ϭ 19.1 (survival) and 10.9 (yield). Table IV . Total shoot dry matter yields in a field trial at Elora, Ontario, of spaced transgenic plants of alfalfa clones N4-4-2 and V4-11-3 containing T-DNA from the vector pEXSOD10
The experiment was established in spring 1996, with three blocks each containing three controls and 32 (N4-4-2) and seven (V4-11-3) independent transgenic plants randomly arranged within each block. Values are the least squares means Ϯ SE for all independent transgenic plants surviving the winter. Total shoot dry matter yields are the sum of three harvests in each year. n is the number of observations in each mean (replications ϫ no. of independent transgenic plants minus missing plots and minus plots not surviving the winter). December, and then subjected to freezing temperatures. Viability was determined by vital staining with tetrazolium. At Ϫ14°C, the bud axis, inner scales, and vascular cylinder of the taproots were unable to reduce tetrazolium, but the endodermis of the root, the vascular system of the crown, and the cortex of the crown were viable and stained red. No differences in this pattern of freezing injury were found between the non-transgenic and any of transgenic plants (data not shown).
To determine if the increased Fe-SOD activity in the transgenic plants improved photosynthesis, as measured by accumulation of dry matter in a field environment, a third field trial was established in 1998 in which one primary transgenic alfalfa plant with T-DNA from pEXSOD10, N4-FeSOD-13 (Table I) , and the control N4-4-2 were propagated by cuttings and transplanted to establish the 1998 field trial at two locations in Ontario, Canada. The plots were sampled for shoot and for root and crown biomass at regular intervals during the growing season of 1998. In the year of transplanting (i.e. before exposure to any winter stress) the shoot dry weight of the control and transgenic plants were not significantly different at any growth stage at either location (Table V) . Similarly, in the spring of 1999, after one winter, there was no difference in the growth of new shoots from the overwintering crown buds at either location. The crown and root dry weights of the alfalfa plants were greater at New Liskeard than at Elora (data not shown), but, again, there was no significant difference between control and transgenic plants at any of the sampling times (Table V) .
DISCUSSION
Two alfalfa clones were transformed using A. tumefaciens with T-DNA from the binary vector pEXSOD10 (Van Camp et al., 1996) containing a Fe-SOD transgene with a chloroplast transit peptide and the constitutive CaMV35S promoter. We observed a novel form of SOD by native PAGE in both greenhouse-and field-grown transgenic plants, but expression of the SOD transgene varied among independent transgenic plants. The increased Fe-SOD activity was associated with variability in the winter survival of the transgenic plants but, surprisingly, not in oxidative stress tolerance as measured by response of leaves to methyl viologen, a superoxide generator. In previous studies, incorporation of the same T-DNA protected both the plasmalemma and thylakoids of tobacco against superoxide generated by illumination in the presence of methyl viologen (Van Camp et al., 1996) . We attempted to reproduce the treatment and measurement conditions described by Van Camp et al. (1996) as closely as possible, so these conflicting results may be due to differences between species or to the relatively small number of transgenic plants tested in both studies.
The observation that increased Fe-SOD activity in the transgenic plants in both alfalfa clones was positively related to the improvement in winter survival supports our original hypothesis that perennial and winter annual plants experience oxidative stress during winter, and that antioxidant defense systems contribute to winter hardiness. The mechanism of this protection is unknown. Winter hardiness is a composite of tolerances to freezing, anoxia, desiccation, and disease stresses, although freezing is usually considered to be the predominant stress in most environments. Freezing injury occurs in two phases. Primary freezing injury is caused by cellular dehydration that promotes lipid phase transitions and membrane damage (Thomashow, 1999) ; subsequently, secondary injuries occur to Figure 6 . Relationship between winter survival, herbage dry matter production, and Fe-SOD activity among control and transgenic alfalfa expressing pExSOD1. SOD activity was determined from Table  I . Winter survival (f) and total herbage dry matter in 1997 (OE) and in 1998 (F) were determined from Figures 4 and 5. Table V . Dry weight (g/plant) of transgenic alfalfa N4-FeSOD-13 and non-transgenic N4-4-2 grown in field plots at two locations Plants were defoliated at 1-or 2-week intervals during each growth cycle, and values are the least squares means of shoot dry weight during that growth cycle at both locations Ϯ SE of the mean; n is the number of observations. The values between control and transgenic plants were not significantly different at the 5% level of probability at any growth cycle at either location. (Tanino and McKersie, 1985; McKersie et al., 1999) . Our tetrazolium tests did not detect any difference in freezing injury between control and transgenic plants immediately after a freezing stress imposed by a programmable freezer, and this suggests that there is not a difference in the primary freezing injury between control and Fe-SOD transgenic plants. Instead, the present data suggest that in the transgenic plants expressing a novel SOD, secondary injury is reduced-in other words, the recovery from the primary freezing injury is enhanced. An alternative explanation for our field observations is that increased Fe-SOD activity in the alfalfa leaves enhanced photosynthesis under mild stress conditions, as was originally proposed by Allen (1995) . This may have enabled the transgenic plants to allocate more sugars to the root compared with the control plants, and therefore further increase root carbohydrate levels during cold acclimation. Since soluble carbohydrate levels in the roots of alfalfa have been correlated with the level of freezing tolerance across different cultivars and across stages of acclimation (Castonguay et al., 1995 (Castonguay et al., , 1997 , this would predict increased winter survival in the transgenic plants. Our results do not support this mechanism of action for SOD in these transgenic plants.
First, the carbohydrate analysis did not detect any additional accumulation of carbohydrates in the field-acclimated roots of the transgenic alfalfa plants. Second, although statistically significant and consistent differences in herbage yield were found among the transgenic plants in the 2 production years of the 1996 field trial, the differences were not directly related to increased Fe-SOD activity. The growth analysis experiment showed very convincingly that one transgenic plant that had high Fe-SOD expression, N4-FeSOD-13 (Table I) , did not have increased dry matter production (Table V) . Third, our transgenic plants were not more tolerant of oxidative stress to photosynthesis, as determined using the standard test of methyl viologen tolerance measured by chlorophyll fluorescence. Fourth, the activities of the free-radical-scavenging enzymes were induced to a similar extent following treatment with methyl viologen in both control and transgenic plants, suggesting that plants with and without the Fe-SOD transgene received similar oxidative stress from methyl viologen. Finally, Fe-SOD activity was inactivated by the oxidative stress imposed by methyl viologen, and therefore this transgene may provide only very limited protection to oxidative stress in leaves.
The SOD enzyme not only consumes superoxide and thereby provides tolerance to oxidative stress, but also produces H 2 O 2 . It is tempting to speculate that an increased steady-state level of H 2 O 2 or an increased flux through the H 2 O 2 pool enhanced an acclimation process that enabled the plants to tolerate or repair freezing injury more effectively and as a result improved winter survival. H 2 O 2 has potential toxicity in plants, but it may also have a number of regulatory roles. Recent reports suggest that H 2 O 2 mediates some responses to pathogens (Chen et al., 1993) , produces a transient Ca 2ϩ surge, which is a known signaling component (Price et al., 1994) , and initiates the production of other antioxidant enzymes during acclimation (Prasad, 1997). H 2 O 2 is metabolized by a number of peroxidases using reducing equivalents to form water. When plant cells are treated with elicitors, H 2 O 2 rises, ATP is depleted, and the NADH/NAD ratio transiently drops (Robertson et al., 1995) . A similar experiment noted that in the long term (hours rather than minutes), the redox potential (NADPH/NADP) did not change but genes in the pentose-phosphate pathway were activated, which suggests a greater supply of NADPH (Fahrendorf et al., 1995) . Cellular redox is an important contributing factor in the acclimation process. For example, plants grown at low temperatures have a prostrate growth habit, which can also be induced at high light intensities (Huner et al., 1996) . In both environments, the plants have excess amounts of NAD(P)H. Therefore, it has been proposed that plants respond to changes in the redox state of photosynthetic electron transport, and this redox sensing mechanism in the chloroplast may be an important component for sensing the plant's environment.
Several other genes have recently been reported to enhance tolerance of various environmental stresses when overexpressed in transgenic plants. One of these is the codA gene encoding choline oxidase, which produces Gly betaine and provides protection to high light and other stresses (Alia et al., 1999) . However, like Fe-SOD, choline oxidase produces H 2 O 2 . Although H 2 O 2 did not accumulate to high levels, an increased flux through the H 2 O 2 pool may have altered redox. Although speculative, perhaps transgenes such as SOD and codA act by a common indirect mechanism through changes in redox. The observation that transgenic alfalfa plants expressing either Mn-SOD or Fe-SOD have less tolerance to pathogens causing verticillium wilt and bacterial wilt (McKersie et al., 1999b) supports our assumption that the expression of the SOD transgenes may alter H 2 O 2 flux and therefore cell signaling processes.
The alfalfa system that we have used provides several advantages as a model to study the effects of transgenes on winter hardiness. It is easily transformed by A. tumefaciens; it is perennial and acclimates in the autumn as part of its life cycle; it can be vegetatively propagated to maintain and to replicate individual transgenic plants or cross-pollinated to produce seed; a single plant can be maintained in a vegetative state by defoliation, and therefore repeated measurements can be made on the same plant; and, finally, it can be grown in a field environment and subjected to complex winter stress conditions. Nonetheless, it is not a perfect model because cultivated alfalfa is a cross-pollinating autotetraploid species. It therefore has limitations for genetic studies, most notably that it cannot be self-pollinated to establish pure lines. Recognizing this limitation, we chose to study the effects of the Fe-SOD transgene in primary transgenic plants because a large number of independent transgenic plants could be compared.
We used two types of controls: a non-transgenic control that did not pass through tissue culture, and transgenic plants that exhibited variation in transgene expression.
Although somaclonal variation may have occurred in some transgenic plants due to the tissue culture process, we do not believe that this contributed to our observations. Somaclonal variation is caused by random mutations and is not normally observed in a tetraploid species in the first generation after tissue culture, because most of the induced mutations are recessive. We did not consider a control plant that was regenerated from cell culture to be an effective control, even if it displayed somaclonal variation, because the comparison would simply be one randomly generated mutation to another. Therefore, the best comparison for the determination of transgene effects are between F 1 progeny with and without the transgene, but because of alfalfa's autotetraploid genetics, this comparison requires the generation of populations of plants, not individual pure lines. These comparisons are now in progress for the N4-FeSOD-13 plant, but comparison of populations from all 39 independent transformation events was not feasible.
We examined a large number (39) of independent primary transgenic plant created in two genetic backgrounds. Although somaclonal variation or similar random mutation may explain a single novel event, this explanation is inconsistent with the range of variability observed among these transgenic plants, particularly because all of the transgenic plants shown in Figure 5 had similar or improved winter survival compared with the control. Alternatively, tissue culture may have caused epigenetic effects, virus elimination, or imbalances in growth regulators, but if these factors contributed to improved winter survival, they were maintained for 3 years after the transformation event in plants that were repeatedly defoliated.
We propose that increased Fe-SOD activity in transgenic plants increased winter survival in alfalfa. We also propose that this may have occurred by two non-mutually exclusive mechanisms. Fe-SOD may have acted directly by increasing the scavenging capacity for superoxide produced following primary freezing injury in the root and/or indirectly by increasing the flux through the H 2 O 2 pool, thereby modifying redox and cell signaling processes. This model predicts that SOD has its effect directly in the cells of the root, not in photosynthesis in the shoot, and this is consistent with our experimental observations on methyl viologen tolerance. Transformations with T-DNA containing root-and shoot-specific promoters controlling SOD expression are now in progress to test this proposal further.
